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Abstract For certain tasks in virtual environments, shadows are

very important. They give the user enhanced visual
feedback on the position of objects in space. This is
essential when interacting with a three-dimensional
virtual world on a two-dimensional display. Ambigusou

situations can often be resolved with the correct slhado
information. Soft shadows give even more accurate

The computation of soft shadows created by area light
sources is a well-known problem in computer graphics.
Due to the complexity of the problem, soft shadows
commonly are generated only for images that are
rendered in an off-line process. In interactive virtual
envirqnments, where images have to be computed inimpression of object placement than simple hard
real time, soft_ shadows are mos_tly replaced by hard shadows, but take more time to generate.

shadows as this takes much less time to compute. .

This paper presents an algorithm that uses a 2. Shadow Computat|on

geometrical method to generate a triangulated The Computation of realistic soft shadows from
approximation of the soft shadow cast by a polygonal extended light sources is a complex problem,
object very quickly. The algorithm can simulate effect considerably harder to solve than the generation of
such as the varying width of penumbras depending on shadows from point light sources. Basically, the
distance to the light and can be extended to support dimensions corresponding to the spatial extent of the
non-convex light sources as well. We mention the light source increase the complexity. Soft shadows ca
artifacts arising from triangulation and give discuss be modeled as the result of a convolution of twoehre
how to alleviate such problems. dimensional functions, a light source function, ard

1. Introduction occluding function.

) . . . For a real tim lution, th m ional eff
In our visual perception of the daily world, shadowes d bg r:dl?:e(; eegsclc));tsci)mpltif;incgothpe)ustsf‘tost?a(fov?;rrr:)cznle
?hOt seem to plaly a}n |mp0rta.rt1t r:?le ai,hwe barely eo“? to a problem of multiple hard shadows. For this
nueisrj:ar?ggsz:cl(l)(;fd); r?idsiﬁmets:auzul(r)pstakier? areicrtrllj(iioof simplification, the area light source is divided into
people against the Iight and éettingg opnly black smaller patches and a sample point represents each
. . patch. The resulting grid of point light sources
Enhouettes)éI fespemattlriy our own shadow never seems to approximates the area light source.
Ine ég)r/ng%(t)er grgnﬁiclsn%\./orlds without shadow can be A shadow is the area on an object surface from where a
construgted Looﬁing at those scenes. most of US light source is occluded by other scene objects. For

bablv will not lize i diatelv What is missi extended light sources, there exist regions of the
probably will not realize immediately what 1S miSSINg. 446y called penumbra where the light is only
Yet it is noticeable that there is something odd alaout

. - . . partially blocked by the occluder. The core of the
Image. QbJ?CtS W"ho!“ shadows deﬂnltely look Iegs shadow from where the light source is not visiblellat a
real, which is one major reason why image generation

King t i tactl | looki is the umbra. The penumbra gives the shadow a soft
pf;??f?‘f;"sv S@e Ing to creatla a per E'Ct'y rte?j ﬁod'ng appearance, caused by gradually fading intensityrato
artificial world, use more or 1ess sophisticated Shadow o shaqow borders. In contrast, shadows produced by
generation  techniques. In interactive  virtual

) . . ) . point light sources have sharp borders, hence themoti
environments, quick image generation is more

important that a perfect illusion — if the feedbawkthe of soft and hard shadows.

user's actions is noticeably lagging behind or thenta 2.1 Anatomy of Soft Shadows

rate is too low (because image generation takes too SOft object shadows are produced by an area light
long), the desired immersion of the user into theugirt ~ source or, more general, by a light source with @ne t
environment just will not happen. Shadow computation three dimensions (point light sources have no extension
is only a secondary problem for scene realism; on the they produce hard shadows). The simplest case is a
other hand, it can demand considerable computing (almost) linear light source (like a fluorescent strip

effort. Therefore, if the available computing povier  light), which can be modeled as a one-dimensiogat Ii
scarce, shadows are often omitted in favor of a faster source. Furthermore we assume that the occluding
simulation (e.g. in computer games). object is two-dimensional, in a plane parallel to the

projection plane and to a plane containing thetligh
source. Then the penumbra of the shadow produced by



this linear light source changes in width along the applied as textures, shading the surface appropriately.
shadow boundary. A long object edge parallel to the The ways of creating shadow maps range from simple
axis of the light source will cast a sharp shadow projections, possibly using graphics hardware buffers
boundary whereas if the orientation of the edge is [2], to FFT operations. Image-based methods are often
perpendicular to the light source axis, the shadow used because they are fast, easy-to-implement
boundary it casts will appear blurred. As explained, algorithms; their running time is fairly independent

only a part of the light source is visible from amgadn from scene complexity and the results can be quite
the penumbra area. Because this illuminating part good. One problem is the trade-off between memory
changes linearly with the movement on the planeglon and bandwidth costs for a high resolution of the maps
the light source axis, brightness increases and decreases&nd pixel-based artifacts with low map resolutions. The
in a linear fashion within the penumbra zone. simpler algorithms for soft shadow generation

The shape of a soft shadow becomes more complex if essentially employ brute-force operations,

the light source is two-dimensional. Now the shadow approximating soft shadows by adding up multiple

does not have sharp boundaries any more, the penumbrashadow maps from point light source samples. This
region totally surrounds the umbra. The question ¥ ho leads to discontinuity artifacts unless a very high

the shape of the light source influences the appearan number of samples are used.

of the shadow. Clearly, the size of the penumbraéoreg  Woo et al. [1] give an excellent overview on shadow

will depend on the size of the light source. If thght generation algorithms. While their work was written
source has a long and thin shape, the penumbranregio more than a decade ago, it is still a comprehensive
will be stretched in the direction parallel to thght description of the basic techniques used in shadow
source’s long axis. It will be narrow in the other algorithms. Its emphasis lies on ray tracing methods;
direction, perpendicular to that axis. real time algorithms became an important field of

The gradient of brightness in the penumbra regions research only recently with the increasing avalilgbof
generally is not linear for area light sources. To computing power and the enhanced capabilities of ne
understand this, we take a triangular light sourchelV generations of graphics hardware.

going from umbra to light on the projection plaiire, A good example for current real time image-based
some configurations one edge of the triangle (almost methods is the algorithm developed by Soler & Sillion
parallel to the occluding object edge) will become [4]. They exploit the fact that shadows from aregnti
visible first. The further we advance, the narrowew sources can be modeled as a convolution if the light
areas of the light source becoming visible get. In the source and the occluder are two-dimensional. Their
end, the third tip of the triangle appears, not agdi  method does not produce discontinuity artifacts and

significantly to the brightness of the light — the djeat penumbras appear smooth. Light source and occluders
will be very low compared to the region near theotem are represented by a projection on two-dimensional
The gradient function directly depends on the width maps parallel to the receiver plane. These maps are th
the light source where it ‘touches’ the occludingeatj operators of an FFT operation producing the shadow
edge, as seen from a point on the projection plane. map. The dimensional flattening causes problems with

For three-dimensional objects, another property & so occluders and light sources having a great extension i
shadows becomes apparent: the penumbra of thethe light direction axis. To alleviate that probleBuler
shadow gives an impression of the object distance from & Sillion introduce a hierarchical sub-partitioningtbe

the projection plane. The soft shadow of a pole standi  occluders into multiple distinct parts, each represkente
on the projection plane will have sharp borders ctose by one map. The method produces good results, also for
the pole base and the shadow border of the poleitbp w complex shapes and clusters of objects. Since FFTs can
appear fairly blurred in contrast. This property giviee be computed by special hardware (DSPs), there is a

viewer an important feedback on the relative positid high potential for further speedup of the algorithfet,

objects in a scene that otherwise cannot be easily the use of shadow maps also has its disadvantages.
deduced from the two-dimensional image. Image-based methods are not exact. For low map
2.2  Previous Work resolutions the shadow shows pixel artefacts or has to

be blurred to avoid them. High map resolutions are
gmostly not feasible due to scarce computing resources,
especially in scenes with many objects. For most of the
shadow maps a high resolution would waste resources

@% AN

Light Source Object Shadow Intensity

Real time algorithms can be divided in two groups:
geometrical and image-based methods. Image-base
algorithms create shadow maps. These are then directly

\

Image 1 - Modeling a Shadow as a Convolution Opamati



because they are displayed only as small (distant)
effects, reduced to a few pixels in the rendered énag

The geometrical approach promises an exact
representation of soft shadows, at any scale. Stark et a
[5] examined the theoretical basis of that approdtie.

authors analyze the irradiance distribution of soft
shadows from polygonal area light sources. They
describe a method yielding an exact polyhedral spline
representation of soft shadows cast by a polygonal
occluder. Worrall, Hedley and Paddon present an
implementation of a geometrical algorithm in [6héely

base their algorithm on research done in the field of

all projected edges. A straightforward approach to
geometrical shadow computation would be to projéct a
object edges onto the plane and construct a minirral |
loop enclosing all of the edge line segments. Yet, in
addition to the wasted computation effort for many
unnecessary edge projections, this approach neglects
holes in the object — they get filled.

To reduce the number of projections, only edges that
can possibly be a part of the silhouette should be
processed. Each edge is a boundary line of two tgang
on the object surface. If both triangle outsides fde
light source or point away from it (cross product

discontinuity meshes. Those meshes can geometrically evaluation), the common edge cannot be part of the

describe the brightness distribution of shadows cast by
polygonal occluders. In this context, Worrall etabko
develop a method of updating shadow information for
moving objects. In certain situations, this can be a
rewarding alternative to a complete shadow re-
computation. They show that the reuse of shadow
information can introduce a high level of indepemziz
from scene complexity. This result is significant
because in general the runtime of geometrical mathod
directly depends on scene complexity, which is one of
their biggest drawbacks.

3. Algorithm Description

The method proposed for soft shadow creation makes
use of an approximation of the light source through

multiple point light sources. The hard shadows of the
sample point light sources are combined and

interpolated to form the soft shadow area. As a farthe

simplification, it is assumed that the projection scefa

of the shadow (the ground) is planar.

Figure 2 - Sweep Line Algorithm

The shadow generation method consists of multiple
algorithms. As a first step, the hard shadow boundary
for each light source sample has to be computed
geometrically, these silhouettes then will be comihine
to generate the appropriate soft shadow.

3.1 Geometrical Computation of Soft

Shadows
Input to the algorithm is a triangle model of the
occluding object that has to be topologically cor(ge
object is closed, all triangles have an inside/ outside
orientation). A structure storing all object edges
(triangle boundaries) and linking to the adjacent
triangles is built in memory once when the model is
loaded. As long as the meshing of the object does not
change, this structure can be reused in every algorith
cycle.
All projections of object edges are located withie th
shadow area. At the same time, any point on the
silhouette boundary is also a point on a projectec.edg
The silhouette boundary is the minimal hull enclosing

silhouette boundary. In an average organic model, th
number of edges to process can be reduced by two-
thirds this way.

The projection of all remaining edges forms a pattérn
several closed line loops. These loops enclose shadow
areas or hole areas. For differentiation of the tases,
inside/outside information has to be stored for each
projected edge. Introducing directions for each exats

this and by defining that e.g. the right side (folilogy

the forward direction of an edge) is the side whbee t
adjacent triangles would cast their shadow (inside).

The area of the hard shadow is the composition of all
parts enclosed by those line loops. If we give every
shadow region an index of 1, every hole region dexn

of =1 and superimpose all regions by summing up the
indices at any point, the combination of all areath i
sum of at least 1 equals the shadow area. The algorith
computing the shadow area using the described method
is a sweep line algorithm. All projected edges argt fi
sorted by their minimal X-Coordinate. The sweep line
(parallel to the Y axis) is set to the absolute minimafm

all X-Coordinates.

In each step, the sweep line is advanced to the next
starting position of an edge. The algorithm keepsktrac
of all edges cutting the sweep line — this edge §ist i
updated every time the sweep line advances. When an
edge is inserted, it gets checked for intersectioitls w
other edges in which case both edges are split into
nonintersecting parts. To find out which parts of the
sweep line lie in the shadow area, a winding number
counter is used: beginning at the minimal Y position
and a winding number of 0, the winding number is
increased by one for every edge cutting the sweep lin
where the ‘inside’ of the edge is entered with iasieg

Y values, otherwise it is decreased by one. Edges of
interest for shadow generation are only edges where th
winding number changes from 0 to 1 respectively from
1 to O; those edges are part of the shadow silhouette
boundary.

The algorithm can be used for two different operetio

If the hard shadow has to be displayed, it can supply a
triangulation of the shadow area. The triangulat®n
not minimal but it requires almost no additional
computation effort. While the sweep line advances, f
every shadow boundary edge ending (and therefore
falling out of the edge list) a trapezoid strip iglad to

the shadow area. If only the shadow boundary is mkede
(e.g. for soft shadow computation), the algorithm can



generate a chain of all boundary edges, structuredd as The ring structure describes an approximate shadow
linked list. distribution function in the penumbra region. The
3.2 Merging Silhouettes outmost ring demarks the outer border where shadow

The silhouette algorithm described above is used to intensity is zero. The last ring on the inside lies o t

create multiple hard shadow silhouettes that are ederg border between penqmbra qnd umbra — the Intensity of
into a soft shadow. For the generation of each the shadow reaches its maximum there as well as in the

d. whole umbra region. Since the light source is
approximated through samples, the rings do not fully
match the true shadow borders — the resulting penumbra
region generally is too small. This becomes quite
obvious when looking at the way the sample silhouettes
(hard shadow silhouettes from single light source
samples) overlap. Most silhouettes have about the same

step artifacts because multiple silhouette lines will S'%€ (when the area light source IS oriented parelel
overlap in certain areas. the ground plane) and a similar shape. For almosteve

When the silhouettes have been computed, several silhouette there exist_s a line part that lies c_:utsi'deny
things have to be performed to join them into a &ngl other one of the projected silhouettes. This meaat th

data structure. First, intersections have to be founrtd a this line part belongs o th? outmost ring. So if heot
resolved. Second, the line data has to be reorghnize light source sample point is added, in many cases the
into ‘rings’ — the outmost ring marks the absolute corresponding silhouette expands thg shadow area —
shadow border, the beginning of the penumbra region, M°re samples naturally represent the light sourcermett

while the last ring encircles the umbra region witeee ~ @nd @ more precise reproduction of the shadow is
shadow reaches its full intensity (with a value ofAy). ~ achieved.

the first ring the intensity value is 0. The idea befthe 3.3 Filling the Shadow

gradient fill algorithm is to give every point omya From the silhouette-merging algorithm we obtained a
silhouette line an intensity value and fill the space structure describing the shadow boundaries and an
between the rings using linear interpolation. For a approximate intensity distribution. To display the
number ofn silhouettes (and consequently n rings), the shadow, the shadow area has to be filled — which is the
intensity value for a point on th& ring (counted from crucial part of the whole shadow generation algarith
the outside) ig(i-1)/(n-1). Intersection points between The requirements a suitable algorithm has to meet

silhouette, a sample point of the light source is use
The distribution of the sample points has a strong
influence on the appearance of the resulting shatfow.
the sample points are badly chosen, the light sousge m
not be represented correctly, or in the worst case,
artifacts can increase dramatically. Positioning mlgti
sample points in line, for example, can lead to esiten

two silhouettes are located on two rings; they rexaiv include defined computation time bounds due to &aé r
average intensity value between the values of the tw time application and a visually satisfying result
rings. (including a smooth interpolation).

The algorithm for the reorganization of the data is 331 Filling the Penumbra

another sweep line algorithm. The algorithm haseepk  Ag described before, the shadow area falls into two
track of the winding number in order to mark all parts, the umbra and the penumbra. Let's consider how
silhouette points with the right intensity value, whis {0 fj|| the penumbra area first. The penumbra lieshe

one reason for the use of a sweep line. Intersections region between the rings. Since the shadow density is
between silhouette lines can also be found by means of defined on the ring lines, this data should be used fo
the sweep line. The merging algorithm is simpler and fjjing. Hence, the basic algorithm fills the space
quicker than the silhouette algorithm — first, because petween two adjacent rings, a strip, by drawing
there is less data to process and no edges have to bgjangles. It starts at one ring point on each strifesi
discarded, and then because the silhouette dataus&uct ideally an intersection point where both rings meet.

can be_reused, most edge elements are used, as they arge next triangle to draw, the algorithm compares th
stored_ In memory. ) ~ next point on either ring and uses the point that is
The silhouette data consists of edge elements organizedpegarest to get a well shaped triangle. It is importiaat

in linked lists. Each element points to the next eilge  the triangles have points on either side; otherwisg the

the silhouette line. The linked lists have no endnelets will have a plain density (color) value and notradjent
because the silhouette lines are closed. For the sweepas is needed for interpolation. Yet it is not always

the edge elements first have to be sorted. The svreep | possible to build only such triangles. If one of the

starts in a similgr way as described above. Every delimiting rings forms a bay, some points of that bay
element gets an intensity value based on the winding may not be reachable in a straight line from theeoth

number count (equals ‘', the ring count). If the ring without cutting an area outside of the striptose
algorithm finds an intersection, a new vertex is @@a  cases, the bay is filled with a plain density value.

and new edge elements are inserted into the sillouett Another problem lies in the nature of the algorithm.

lists. Then, the lines are cut apart at the intersectio gjnce it progresses in one direction and considers only
touch, but not cross each other. When the algorithm happen that an edge in ‘forward’ direction runs back
finishes, the silhouettes have been transformed into ainto a region already filled. This means that the

ring structure, essentially linked lists with additional  zgorithm has filed some part outside of the strip,
cross-links at the intersection points.



drawn triangles have to be removed because they mustdescribed case of producing new intersections by

not overlap with other triangles. For that reason,
triangles are not drawn directly but stored in aflist.
That way they can be easily removed and the algorith
corrects the triangulation, filling some corner pavith
plain density triangles.

The gradient of the triangles drawn is always linear;
OpenGL does not allow more complex transitions. The
triangulation of the penumbra can therefore not
accurately display the real shadow distribution. As
noted above, the gradient differs with the shapehef t
light source. Furthermore, the gradient is a contilsuo
function at any point. The gradient function fitirthe

inserting new lines is common. The intersection checks
force the algorithm to parse the line structure
repeatedly, making it hard to adhere to given Bnfdr
computation time. That is why | decided not to apply
this method in the real time algorithm.

The appearance of the interpolated penumbra region
also depends strongly on the choice of the light source
sample points. If the sample points lie on a reggtat,

a straight line can connect many of them. This mag le
to artifacts since object edges fairly parallel tattline

get projected in the same region for all light sample
positioned on the line. A high density of silhoueite$

penumbra triangles in contrast can not be continubus a means a high gradient in shadow intensity — this is
an edge where two triangles meet — unless the gradientvisible as a ‘step’ in the penumbra region, espaciéll

points in the same direction for the adjacent triasgl
The discontinuity unfortunately is directly noticealfbr

the penumbra is relatively broad. Therefore it is
advisable to choose a ‘random’ distribution of théig

the human eye, our visual system even emphasizes itsource sample points. Yet at the same time, points

(similar to the ‘Mach Band’ effect). Figure 3 above

positioned on the border of the light source showd b

show some examples: on the left there is a 90 degreepreferred, to maximize the penumbra region.

change in the gradient at the center, in the midake
change is alleviated by a third triangle inserted in
between. The correct gradient distribution arourel th
corner is shown in the right part of the figure, shad
intensity values are the same for all points with teesa
distance to the corner point. This radial distribatio
cannot be constructed with triangles. Yet the effets
less visible if the angle between the gradient dioesti

in adjacent triangles is small. The discontinuity efie
conjunction with Gouraud shading has also been
described in [3].

Fi
gure 3 - Artifacts caused by Gouraud Shading

Most noticeable are the gradient transitions around
intersection points in the rings. Since an intersactio
point gets a different intensity value than its nbigh
points on the ring, the gradient direction of triksg
with a corner at the intersection often differs stly
from the adjacent triangles. To solve this probleme
could try to eliminate intersection points from thegr
structure. Instead of inserting an intersection point
where two lines intersect, the points around the
intersection could be reconnected in a different (e@g
Figure 4). The gradient of the triangles around an
intersection will be more homogenous with this
transformation. The rings have been turned into ‘iso-

Figure 4 - Possible Optimization for Silhouette Rings
(see text)

Even with randomly distributed sample points, there
will still exist situations where silhouette lines are
densely packed in certain areas of the projection. In
order to improve the visual appearance of the
interpolation, a single ‘average’ line might repldices
very close to one another. Whether lines are to be
merged could be determined by a threshold valughtor
distance between a line point and the nearest bitiger

At the endpoints of the average line multiple sikeibel
lines would be joined respectively separated.
Advantages are that the interpolation would look
smoother due to the replacement of many small
triangles by fewer larger ones. Considerable numlerica
instabilities could be avoided as well, with less
extremely narrow triangles in the tessellation. This
concept — grouping multiple lines depending on a

density lines’; the shadow has the same density value atthreshold — is not part of the current implementation

all points on a ring line.
A problem of the transformation is the insertion efwn

lines. Those lines have to be checked for intersections

with lines on other rings. If there is an intersettithe
inserted lines have to be replaced again and thekche

has to be repeated. For the projected silhouettes

intersection points often cluster in certain regionshe

"triangulation will have the same visual result.

3.3.2 Filling the Umbra

The umbra is the zone of maximum darkness or highest
shadow intensity. The intensity distribution is ever th
filling triangles have no gradient but a plain irgin
value. Because there are no gradient step artifacys, a
As
described, a scan line algorithm is used for mergieg th



silhouettes — a similar filling algorithm is now applie
for the umbra; it could be integrated into the othe

computation could be achieved by using multi-
resolution objects (level of detail — LOD). For shado

sweep for speed optimization reasons. As before, the computation a coarser resolution of the object can be

algorithm keeps track of a winding number for angaar

used than for displaying the object itself. Finer tieta

between two edges on the scan line. The umbra lies the object are blurred by the penumbra of the shadow

where the winding number equals the total number of

many cases — therefore the difference will not be

silhouettes / light source samples. When an edge line noticeable.

delimiting the umbra ends and is taken out of trensc
line edge list, the algorithm fills the scanned umdmea
with a trapezoid (up to the scan line position). The
triangulation needs twice the optimal (=minimal)
number of triangles, but the algorithm s
deterministically one-pass.

One problem not mentioned yet is the intersection
points on the umbra border. They do not truly delimi
the umbra, their intensity value is not maximal. Yety
are part of the inner ring delimiting the umbrar fao
even intensity distribution in the umbra, those ‘EBak
need to be fixed — interpolation triangles have & b
inserted.

The situation is similar on the outmost ring — at
intersection points the intensity is not zero. Hehe t
same solution can be applied: the insertion of tlesg
that interpolate from the intersection point to inigr
points on the outer border.

4. Results

A major drawback of geometrical methods is numerical
instabilities. Problems may arise with narrow triasgl

in the triangulation because coordinates are not
calculated exactly. More severe are the effects
appearing with moving shadows. As explained, the
filling algorithm uses plain intensity triangles innse
corners of the ring lines. When the silhouettes sthié,
local situations change and plain triangles get replac
by interpolating triangles or vice versa. This wilake

the shadow movement look jumpy — which is really
disturbing because it draws the viewer’s attentiothé
shadow. Even if there are no plain intensity triaggle
changes in the triangulation are visible because ®f th
gradient step effects shown in (see Figure 5).

To alleviate the problems induced by moving shadows,
an algorithm might have to consider the previous
shadow tessellation in the computation of the updated

The implemented geometrical method for the
computation of soft shadows is quite powerful since it
allows the approximation of light sources of any shape.
In the current version, the algorithm assumes that lig
sources are of convex shape — the connection line
between any two light source samples is assumed to be
part of the light source. Therefore shadow density
values are interpolated between any two silhouetesli

A modified algorithm could allow the light sourcelie
composed from several convex shapes (defined by
clusters of light source samples). In this case, a atpar
soft shadow needs to be computed for every cluster —
the results are merged without interpolation in alfin
step. A scene with multiple light sources can be hahdle
the same way.

Figure 5 — Close-up of Gouraud shading artifacts (see
text)

Shadow-casting objects can be of any shape, theytdo no
need to be reduced to two-dimensional representations
as with other methods (see chapter 2.3). The only
restriction is that an object should not contain pasts
thinner than the ‘resolution’ of the light sourcestdince

shadow. Yet, it may be impossible to sustain a previous petween two light source samples) — scaled by the
tessellation because the shifting silhouette lines causedrelation of the object / projection plane distancette
by the shadow movement change the shape of thejight source / object distance. Otherwise, problems

penumbra area considerably.
Considering these methodic drawbacks, the visual
results are quite acceptable. The artifacts with ingv

might arise with thin parts where the algorithm casts
silhouette lines that do not overlap. A region sunded
by only one silhouette line will not be visible apart

shadows are not as severe as expected. Most noticeablef the shadow because the merging algorithm gives the

are artifacts due to the ‘Mach Band’ effect — the
triangulation becomes visible where triangles with
almost orthogonal gradient vectors join at an edgés
problem might be solved with a different triangudati
algorithm.

As for the speed of the algorithm, the performance is
quite good. The model used for testing consists oftabou
5000 vertices. The results indicate a performance of
approximately 10 fps on a 1 GHz machine, where the
light source consists of three point samples. A faster

outmost silhouette line a shadow intensity of O ahsl fi
the region with a plain gradient.

Yet, this effect partially is a natural phenomenidrcan

be observed with real soft shadows as well — thin
objects do not cast any significant shadow when l@jhte
by a larger extended light source.

5. Conclusion
The results of the developed algorithm are promising.
The implementation can surely be optimized to a



performance at least twice as fast as realized. Yet eve
the current state shows the feasibility of the concept.

In order to improve the visual quality of the shagthe
tessellation algorithm for the penumbra region mag be
major target of optimization. In its current versian,
strives for smooth interpolation by maximizing the
fraction of interpolating triangles, minimizing the
number of plain-density triangles. Yet, a maximized
number of gradient triangles may deliver a worse
quality than other triangulations — due to the dffec
appearing around the triangle edges. A Delauney
triangulation might be a better alternative, beeaits
creates well-shaped triangles, which reduces gradient
artifacts and numerical problems. On the other hand, Figure 7 — Shadow areas color-coded according to
any suitable triangulation algorithm should have dixe winding number

computation time bounds, independent from scene

geometry, given that the complexity of the occluder

does not change.
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